T h e ne w e ngl a nd jou r na l o f m e dicine n engl j med 369;18 nejm.org october 31, 2013 1682 A utologous stem-cell transplantation has long been known to improve both progression-free survival and overall survival among patients with diffuse, aggressive non-Hodgkin's lymphoma in second remission. 1 When it became possible to identify patients at diagnosis who have less than a 50% chance of sustained remission, as defined by the International Prognostic Index 2 (IPI) (see Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org), trials of up-front transplantation in this group were conducted. In the first trial, LNH-87, patients received fullcourse induction chemotherapy, regardless of their IPI risk category; those with a complete response were randomly assigned to transplantation or consolidation chemotherapy. 3 Although a survival advantage was not seen with transplantation, a retrospective subgroup analysis showed improved progression-free survival and overall survival among patients with high-intermediaterisk or high-risk disease. 3 Results of phase 2 trials suggested a benefit of consolidative transplantation in high-risk groups 4, 5 ; however, few of the subsequent phase 3 trials showed a benefit. [6] [7] [8] [9] [10] [11] [12] [13] [14] Numerous factors complicated interpretation of the results of these trials, including insufficient sample size as a result of high dropout rates, which were due to early disease progression or a patient's decision to decline treatment, as well as trial designs that differed from that of LNH-87. Thus, 15 years after the first description of a potential benefit of consolidative transplantation in high-risk disease, no role for this treatment has been clearly established.
Given the limitations in comparing data from previous trials because of differences in study design, we evaluated the efficacy of autologous stem-cell transplantation using a design similar to that of LNH-87. Patients with high-intermediate-risk or high-risk disease who had a response to five cycles of cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) induction chemotherapy were randomly assigned either to one additional cycle of induction chemotherapy plus transplantation or to three additional cycles of induction chemotherapy. Patients with early disease progression and patients who elected not to undergo transplantation did not proceed to the randomization stage of the study, which minimized dropout. Patients in the control group who had a relapse were encouraged to undergo salvage transplantation so that the efficacy of early versus delayed transplantation strategies could be evaluated.
After about one third of the patients had been enrolled, it became clear that CHOP plus rituximab (R-CHOP) was superior to CHOP alone as induction therapy for patients with CD20+ disease. 15, 16 Therefore, as of April 2003, R-CHOP was used for this subgroup.
Me thods

Study Design, Patients, and Oversight
This randomized intergroup trial (Southwest Oncology Group [SWOG] trial 9704), conducted at 40 sites, was led by SWOG and included the Eastern Cooperative Oncology Group, Cancer and Leukemia Group B, and the Canadian NCIC Clinical Trials Group. Eligible patients were 15 to 65 years of age and had biopsy-confirmed nonHodgkin's lymphoma in Working Formulation groups D through H and J, which includes follicular large-cell, diffuse small-cleaved-cell, diffuse mixed small-cell and large-cell, diffuse large-cell, large-cell immunoblastic, and small non-cleavedcell Burkitt's and non-Burkitt's lymphoma; lymphoblastic, transformed, and mantle-cell histologic types were excluded. All patients were in an ageadjusted high-intermediate-risk or high-risk group defined by the IPI. Central pathological review was performed to determine eligibility, and a final diagnosis was issued on the basis of the 2008 World Health Organization criteria. 17 A patient could be enrolled at any time before the second cycle of induction chemotherapy; patients with a response were randomly assigned to a study group after five cycles of induction. Enrollment began on August 15, 1999 , and concluded on December 15, 2007, when the enrollment goal was reached.
The trial was designed by the leadership of the lymphoma committees of the U.S. and Canadian cooperative groups and was approved by the National Cancer Institute. The data were gathered and analyzed by the SWOG Statistical Center and reviewed by all the authors. The first draft of the manuscript was written exclusively by the first author. All authors reviewed the manuscript, made the decision to submit it for publication, and vouch for the completeness and accuracy of the data and analysis. No one who is not listed as an author contributed to the writing of the manuscript. The complete protocol and its amendments are available at NEJM.org. BristolMyers Squibb provided unrestricted capitation payments to the enrolling sites to cover expenses associated with the trial for the study participants, but they had no role in data collection or analysis or in manuscript preparation.
The study was performed in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines and was approved by the local institutional review board at each participating site. Patients were required to provide written informed consent before enrollment.
Treatment Plan
Stratification was performed on the basis of the IPI risk category. Patients were treated with five cycles of induction chemotherapy with CHOP or R-CHOP administered every 3 weeks; patients with at least a partial response after cycle 5 were randomly assigned to receive either three additional cycles of induction chemotherapy (control group) or a single cycle followed by autologous stem-cell transplantation (transplantation group) (Fig. S1 in the Supplementary Appendix). R-CHOP was used in place of CHOP in patients with CD20+ disease, starting in April 2003 (two thirds of patients were enrolled after this date). Patients assigned to transplantation underwent totalbody irradiation (12 Gy in eight 1.5-Gy fractions twice daily on days −8 through −5) or received high-dose carmustine (300 mg per square meter of body-surface area) on day −6 with high-dose etoposide (60 mg per kilogram of adjusted ideal body weight) given on day −4 and high-dose cyclophosphamide (100 mg per kilogram of ideal body weight) given on day −2. 17 The decision to use total-body irradiation was made by the site investigators. All patients 60 years of age or older received the carmustine-based regimen; all patients younger than 60 years of age at a given institution either underwent total-body irradiation or received the carmustine-based regimen, in accordance with institutional preference. Transplantation occurred on day 0; decisions about supportive care were made by the site investigators.
After completion of the study treatment, disease evaluation, consisting of physical examinations conducted at least quarterly and computed tomographic scanning conducted quarterly, was performed over a period of 2 years, beginning on day 60. No additional therapy (including additional radiotherapy) was permitted unless it was for biopsy-confirmed residual or progressive disease. Treatment responses were documented as previously reported. 18
Statistical Analysis
The objectives of the study were to compare progression-free survival and overall survival, within a modified intention-to-treat design, among all eligible patients who were randomly assigned to a treatment group. The sample size was chosen under the assumption of a 2-year overall survival rate of 60% in the control group; a hazard ratio of 1.5 corresponded to a 2-year survival rate of 71% in the transplantation group. We calculated that a sample of 270 eligible patients randomly assigned to a treatment group over a period of 5 years, with 2 years of additional follow-up, would be required for a power of 0.82 to detect a hazard ratio of 1.5 (control group vs. transplantation group), with the use of a log-rank test and a one-sided alpha level of 0.05, assuming exponential survival distributions. We assumed that 25% of patients would not reach the randomization stage as a result of ineligibility, the patient's decision not to proceed to the randomization stage of the study, or early disease progression; thus, it was estimated that 360 patients would need to be registered in order for 270 eligible patients to be assigned to a treatment group. Under the assumption of a 2-year progressionfree survival rate of 55% in the control group, a hazard ratio of 1.5 corresponded to a 2-year progression-free survival rate of 67% in the transplantation group. All P values are based on twosided tests unless stated otherwise.
R ESULT S
Characteristics of the Patients
A total of 397 patients were registered (Fig. 1) . Of the 370 who were eligible for inclusion, 117 did not proceed to the randomization stage of the study, in most cases because of early disease progression (66 patients, 56%) or the patient's decision to decline randomization (23 patients, 20%). Of the 253 patients randomly assigned to a treatment group, 128 were assigned to the control group and 125 to the transplantation group. The characteristics of the 370 eligible patients are shown in Table 1 . Forty-seven percent of patients with B-cell non-Hodgkin's lymphoma received R-CHOP as induction therapy. Once rituximab was included, no patient who received CHOP induction therapy for B-cell non-Hodgkin's lymphoma received R-CHOP after randomization. There were no significant differences between the randomized groups with respect to age, sex, risk group, initial stage, lactate dehydrogenase level, number of extranodal sites, or B symptoms (i.e., weight loss, night sweats, and fever) ( Table S2 in the Supplementary Appendix). The proportion of patients with B-cell nonHodgkin's lymphoma who received R-CHOP as induction therapy was higher among patients assigned to randomized treatment groups (60%) than among all registered patients (47%), indicating a higher dropout rate among those who received CHOP induction therapy. Group scale, in which 0 indicates that the patient has no symptoms; 1, the patient has symptoms but is ambulatory; 2, the patient is bedridden less than half the day; 3, the patient is bedridden half the day or longer; and 4, the patient is chronically bedridden and requires assistance with activities of daily living. 
Toxic Effects
During the first five cycles of CHOP or R-CHOP, there were four deaths; three were due to neutropenic infections, and one was due to hemorrhage. As expected, a markedly greater number of grade 3 and grade 4 toxic effects was seen among patients randomly assigned to transplantation (Table 2) . In this group, six patients (5%) died from toxic effects: three as a result of lung damage, and one each as a result of hemorrhage and renal failure, infection, and multiorgan failure. In the control group, three patients (2%) died, one each as a result of cardiovascular toxic effects, infection, and unknown factors.
Outcomes
After randomization, nine patients (7%) randomly assigned to transplantation did not undergo the procedure: six (5%) because they decided against it and one each because of unsuccessful mobilization of stem cells, early disease progression, and early death. Of the six patients who declined transplantation, three did not have a relapse and two had a relapse (one died from the relapse, and one underwent salvage transplantation and survived); the sixth patient reversed the initial decision and underwent transplantation. In the control group, two patients (2%) received no further chemotherapy, and one received rituximab monotherapy. Forty-six of the 125 patients in the transplantation group and 68 of the 128 patients in the control group had disease progression or died. The estimated 2-year progression-free survival rate was 69% in the transplantation group and 55% in the control group (Fig. 2) . In a multivariate Cox regression model with adjustment for the risk score, the hazard ratio for progression or death in the control group versus the transplantation group was 1.72 (95% confidence interval [CI], 1.18 to 2.51; P = 0.005; P = 0.002 in a one-sided test). Median progression-free survival from initial registration was not reached in the transplantation group and was 2.8 years in the control group.
Thirty-seven of the 125 patients in the transplantation group and 47 of the 128 patients in the control group died, at a median follow-up of 6.3 years. The estimated 2-year overall survival rate was 74% in the transplantation group and 71% in the control group (Fig. 2) . In a multivariate Cox regression with adjustment for the risk score, the hazard ratio for death in the control group versus the transplantation group was 1.26 (95% CI, 0.82 to 1.94; P = 0.30; P = 0.15 in a one-sided test). Median overall survival from initial registration was not reached for either group. The 9 patients assigned to transplantation who did not undergo the procedure had a 2-year progression-free survival rate of 56% (95% CI, 23 to 88) and an overall survival rate of 78% (95% CI, 51 to 100). Results for the main effect of treatment were similar among all patients who underwent randomization, and there was no evidence that treatment patterns differed according to receipt or nonreceipt of rituximab (data not shown).
In the control group, there were 11 second cancers in 10 patients: skin cancer (4 cases), breast cancer (2), follicular non-Hodgkin's lymphoma (1), acute myeloid leukemia (1), prostate cancer (1), multiple myeloma (1), and adenocarcinoma with unknown primary site (1). In the transplantation group, there were 12 second cancers in 11 patients: skin cancer (3 cases), renal cancer (3), thyroid cancer (2) myelodysplastic syndrome (1), breast cancer (1), cervical cancer (1), and lung cancer (1). Progression-free survival, overall survival, second primary cancers, and toxic effects of treatment were also analyzed according to the preparative regimen. In the comparison of preparative regimens, there was no significant difference in progression-free survival or overall survival between patients receiving carmustine and patients receiving total-body irradiation (P = 0.51 for progression-free survival and P = 0.64 for overall survival). The incidence of second cancers was also similar between patients receiving carmustine and patients receiving total-body irradiation (11% and 5%, respectively), as were the proportions of patients with grade 5 toxic effects (6% and 5%) and the proportions with grade 4 or 5 toxic effects (81% and 80%).
Treatment Effect in Subgroups
Among the patients who underwent randomization, the IPI risk category distributions were similar among the 150 patients with B-cell lymphoma treated with R-CHOP (36% were at high risk), the 75 patients with B-cell lymphoma treated with CHOP (32% were at high risk), and the 28 patients with T-cell lymphoma (36% were at high risk). No differential treatment effect (i.e., statistical interaction) was noted between the subset of patients with B-cell lymphoma and the subset of patients with T-cell lymphoma, for either progression-free survival (P = 0.46) or overall survival (P = 0.56). In the subgroup of patients with B-cell lymphoma, the treatment effects on progression-free survival and overall survival were similar to those in the primary analysis; the hazard ratio for progression or death was 1.84 (95% CI, 1.22 to 2.78; P = 0.004), and the hazard ratio for death was 1.36 (95% CI, 0.85 to 2.20; P = 0.21). In this subgroup, the treatment effect also did not differ significantly between patients treated with R-CHOP and patients treated with CHOP, for either progression-free survival (P = 0.33) or overall survival (P = 0.31). Among patients with B-cell lymphoma who were treated with R-CHOP, the estimated 2-year progressionfree survival rate was 73% in the transplantation group and 63% in the control group (hazard ratio for progression or death, 1.56; 95% CI, 0.92 to 2.63; P = 0.10; P = 0.05 in a one-sided test); the estimated 2-year overall survival rate was 77% in the transplantation group and 73% in the control group (hazard ratio for death, 1.09; 95% CI, 0.59 to 2.00; P = 0.79; P = 0.39 in a one-sided test). The treatment effect did differ between highrisk patients and high-intermediate-risk patients for both progression-free survival (P = 0.04 for interaction) and overall survival (P = 0.01 for interaction). In the subset of 165 high-intermediaterisk patients, the 2-year progression-free survival rate was 66% among patients in the transplantation group and 63% among patients in the control group (P = 0.32); in the subset of 88 high-risk patients, the 2-year progression-free survival rates were 75% and 41%, respectively (P = 0.001) (Fig. 3) . The estimated overall survival rates for high-intermediate-risk patients in the transplantation and control groups were 70% and 75%, respectively (P = 0.48), and those for high-risk patients were 82% and 64% (P = 0.01). Subset P values were unplanned, and no adjustments were made for multiple comparisons. In the subset of patients with B-cell lymphoma, similar patterns were observed for both progression-free survival (P = 0.05 for interaction) and overall survival (P = 0.03 for interaction).
Treatment after Relapse
Of the 128 patients randomly assigned to the control group, 62 (48%) had a relapse. Twentynine (47%) of these patients underwent salvage chemotherapy and transplantation, 11 (38%) of whom survived without disease progression. An additional 7 patients survived without progression after alternative salvage therapy. In total, 18 (29%) of the 62 patients in the control group who had a relapse survived without disease. Of the 28 patients in the transplantation group who had a relapse (median time to relapse, 6 months), 23 (82%) died, most after salvage chemoimmunotherapy failed to induce a second remission. Allogeneic stem-cell transplantation was performed in 3 patients, 2 of whom died from toxic effects, and 1 of whom had a subsequent relapse but was alive at the time of writing.
DISCUSSION
Numerous phase 3 trials of up-front autologous stem-cell transplantation have not validated a survival benefit in high-risk patients, but the negative outcome in these trials was often influenced by the study design; patients were usually randomly assigned to a treatment group at diagnosis, and approximately 15% did not receive the assigned therapy because of early progression 19 and as many as one third of those assigned to transplantation declined it. 6-14 Our study mirrored the LNH-87 trial design; as a result, the dropout rate was greatly reduced, with only 5% of patients assigned to the transplantation group declining the procedure. Like many of the randomized trials and several meta-analyses, 20, 21 our study showed an improvement in progression-free survival for the combined high-risk and high-intermediate-risk groups but no improvement in overall survival, probably because 29% of patients who had a relapse or progression after standard therapy had long-term progression-free survival after salvage therapy that often included transplantation. The outcomes were similar for patients with T-cell disease and those with B-cell disease, and among patients with B-cell disease, the results were similar for those treated with R-CHOP and those treated with CHOP alone. In addition, we saw no increase in the number of late complications, including treatment-related myeloid cancers, in patients who underwent transplantation, as compared with those in the control group, probably because of the timing of transplantation in this study. The difference in progression-free and overall survival between the transplantation group and the control group was especially pronounced among patients in the high-risk subgroup. Although this finding has some credibility because the patients in the trial were stratified according to risk, this analysis was not preplanned, and the study was not powered to address this subgroup-related question. Thus, the finding needs to be verified prospectively, although undertaking such a trial would be difficult, given the small fraction of patients presenting with high-risk disease. However, the results of our analysis, as well as those of phase 2 transplantation trials, in which the 4-year progression-free survival rates among patients with high-risk disease ranged from 64 to 78% after treatment with a rituximab-based induction regimen, [22] [23] [24] [25] [26] [27] compare favorably to the 50% progression-free survival rate after treatment with R-CHOP alone, 28 suggesting that early transplantation may be warranted in high-risk disease.
Advancements in the diagnosis and management of diffuse, aggressive non-Hodgkin's lymphoma since the initiation of our study could make transplantation decision-making more clear-cut. Although it was not the standard of care during trial enrollment, 18 F-fluorodeoxyglucose with positron-emission tomography (FDG-PET) might have been useful in identifying transplantation candidates after five cycles of CHOP or R-CHOP or an even shorter induction regimen, because a positive scan does predict outcome when a regimen of either duration is used. [29] [30] [31] Treatment modifications have also been explored. Although pilot studies suggested a benefit of dose-dense induction regimens, phase 3 trials have not shown that they are superior to the standard 3-week R-CHOP regimen. [32] [33] [34] However, combining intensive, non-cross-resistant regimens as induction therapy in high-risk populations appears to have promising results. Moskowitz and colleagues treated 98 patients with four cycles of dose-dense R-CHOP followed by three cycles of ifosfamide, carboplatin, and etoposide, reserving transplantation for the 5% of patients who had FDG-PET-positive and biopsy-positive disease after R-CHOP induction therapy. 35 They reported a 79% progression-free survival rate among their patients, 79% of whom were in the same high-intermediate-risk and high-risk groups as the patients in our study. It is notable that 7 of the 12 patients with a relapse who did not initially undergo transplantation had a second complete response after salvage transplantation, which yielded a 90% overall survival rate.
Finally, although advances in defining adverse molecular abnormalities could, in theory, be used to select patients for consolidative transplantation, it is unlikely that the overall outcomes would improve for patients with these types of lymphoma. In particular, adverse outcomes for patients with "double-hit" lymphomas (tumors with both MYC and BCL2 translocations) have been described, with some studies suggesting that transplantation be used for patients with a treatment response. 36, 37 This subgroup of diffuse, aggressive non-Hodgkin's lymphoma accounts for 3 to 5% of all B-cell non-Hodgkin's lymphoma and is associated with high-risk clinical features and central nervous system involvement. Given the low incidence of this type of lymphoma and the frequent early failure of standard therapy, typically before the timing of randomization in our trial, a transplantation benefit is unlikely; in fact, data now suggest that autologous and even allogeneic transplants fail to improve the dismal prognosis for patients in this subgroup. 38 However, patients with intermediategrade non-Hodgkin's (and non-Burkitt's) lymphoma with MYC positivity alone also have an adverse prognosis, as confirmed by a preliminary analysis of data from the current trial, 39 and such patients may benefit from transplantation. Because the percentage of such patients is small, however, prospective validation of transplantation in a randomized trial is unlikely.
In conclusion, although we found that progression-free survival was superior with early transplantation among patients with high-intermediate-risk or high-risk non-Hodgkin's lymphoma who had a response to induction therapy, we could not validate a benefit of consolidative transplantation with respect to overall survival, probably because of the effectiveness of salvage transplantation in the control group. Thus, early transplantation and late transplantation achieve roughly equivalent overall survival in the com-
